Purpose: The goal was to determine the effect of cataract surgery-induced change in ametropia and anterior chamber depth on the magnification of a fundus photograph. Methods: Fundus photographs were taken from 11 subjects undergoing cataract surgery and intraocular lens (IOL) implantation before and after surgery with a telecentric Zeiss and Topcon fundus cameras. The distance between two distinct fundus landmarks, i.e. two crossings of retinal vessels, was measured before and after surgery, and the results were compared to axial length and surgery-induced change in ametropia and anterior chamber depth. In addition, the change in the conversion factor of Topcon fundus camera was calculated and its correlation to axial length, change in ametropia and anterior chamber depth was analysed. Further, the change in the mathematical location of P 0 , i.e. the second principal point of the eye in the formula of Bennett et al. (1994) , was calculated. Results: Cataract surgery and IOL implantation did not significantly influence the magnification of a fundus photograph taken with a telecentric Zeiss or Topcon fundus camera even when ametropia changed markedly. Axial length and anterior chamber depth did not correlate with change in the magnification of a fundus photograph. The average change in the mathematical location P 0 due to surgery was À39.4%, SD 0.33. Conclusion: Fundus photographs taken with a telecentric Zeiss or Topcon fundus camera can be reliably used to follow the size of fundus landmarks even if ametropia and anterior chamber depth are changed after cataract surgery and IOL implantation.
Introduction
Over twenty years ago, Bennett et al. (1994) published their formula for calculating the true size of a retinal object from fundus photographs taken with a telecentric fundus camera. In Bennett's formula t ¼ 0:01306 AE ðx À 1:82Þ AE 1:37 AE s; t stands for the true size of a retinal feature, x is axial length of the given eye, constant 1.37 applies to Zeiss fundus camera used and s equals the size of a retinal image on camera film. The part of the formula 0.01306 • (x À 1.82) is equal to q in Littmann's formula (1982) and dependent on the optical dimension of the given eye. 1.82 (mm) stands for the mathematical location of the second principal point (P 0 ) of the eye from the cornea. It is subject to varying forces depending on the power and location of the crystalline lens and the cornea (Bennett et al. 1994) . Hence, in reality the constant 1.82 (mm) is different between individuals and could be subject to change if cataract surgery and IOL implantation cause marked change in ametropia. Bennett et al. (1994) postulated that individual variations in P 0 are unlikely to exceed plus or minus 0.55 mm. This would result in a change in the formula: t = 0.01306 • (x À 1.82 AE 0.55) • 1.37 • s. In total, this would mean a maximum error of only 0.007 mm in q.
The formula of Bennett et al. (1994) has gained wide acceptance and not for vain. In our recent study, we were able to clinically verify its use by another independent method, i.e. visual field analysis (Knaapi et al. 2014 ). In this current study, we wanted to further validate its use clinically after cataract surgery and IOL implantation.
In 2001 Meyer and Howland found that the results of mean optic disc areas of different racial groups analysed with various machines including Topcon fundus camera differed compared to those taken with Zeiss fundus camera. In their work, they calculated a multiplier which they called the normalizing factor for Topcon and found it to be 1.04 compared to Zeiss fundus camera. The normalizing factor for Zeiss fundus camera was considered to be 1 by definition. Since then, we have also evaluated the magnification characteristics of Topcon fundus camera and published the conversion factor (pxl/mm) for healthy volunteers (194.98 pxl/mm, SD 10.40, Knaapi et al. 2014) . In this study, the magnification characteristics of Topcon fundus camera were further analysed after cataract surgery and IOL implantation.
Subjects
Eleven volunteers aged 44-89 years undergoing cataract surgery at the University Hospital of Turku were recruited. The right eye was chosen to be examined. Different systemic or ocular pathology was not considered to be a part of the exclusion criteria. However, none of the subjects had undergone previous ocular surgery which could have altered the ametropia of the eye and thus the magnification of a fundus photograph. A subject was enrolled in this study if a fundus photograph taken before and after surgery showed the same two distinct fundus landmarks, i.e. two retinal vessel crossings. No one was excluded based on this criterion. All subjects underwent an uneventful cataract surgery and IOL implantation in the bag (Table 1 ).
An informed written consent was given by all the participants after explanation of the nature and possible consequences of the study, according to the Finnish Ethics committee of Turku University Hospital (ETMK 52/180/2012). All research adhered to the tenets of the Declaration of Helsinki. Only eight subjects returned for the follow-up visit after surgery and were included in the analyses.
Materials and Methods
The same methods were used before and after cataract surgery. The ametropia of each eye was determined by autorefractometer (NIDEK ARK-1s; Nidek Co., LTD., Gamagori, Japan), intraocular pressure was measured using Icare tonometer (TA01i; Icare Finland Oy, Vantaa, Finland) and fundus examination was done with slit lamp biomicroscopy (BQ-900, Haag-Streit, Bern, Switzerland) and a +90 dioptre lens. Axial length and anterior chamber depth were determined using IOL-Master (Carl Zeiss Meditec, Jena, Germany).
Fundus photography was performed using Topcon (TRC-50DX; Topcon, Tokyo, Japan; a 50 degree lens) and a telecentric Zeiss (FF-4; Carl Zeiss Meditec) fundus camera. Photographs taken before and approximately a month after surgery were included in the study if they showed the same two distinct retinal vessel crossings. The distance between these two crossings was as measured in pixels.
Fundus photographs taken with a telecentric Zeiss fundus camera were captured on film and scanned to digital form. The magnification of digitalization was determined in our previous work (Knaapi et al. 2014) . The distance in millimetres was calculated from Zeiss fundus photographs using the formula of Bennett et al. (1994) . The conversion factor of Topcon fundus camera (pxl/mm) was determined by calculating the ratio of the distance in pixels derived from Topcon fundus photographs and the distance in millimetres derived from the calculations with Zeiss fundus photographs.
All images were analysed digitally using IMAGEJ program (version 1.4.3.67; publisher URL: http://imagej.nih.gov/ij/ ). All images were analysed by the first author.
The normality of the parameters was tested using the Kolmogorov-Smirnov test (Data S1). In order to test correlation of the change in the measured distance between the two vessel crossings and axial length, change in ametropia and change in anterior chamber depth before and after surgery, Pearson correlation coefficients were calculated using IBM SPSS Statistics version 21 software package (IBM Corporation, Armonk, NY, USA).
The surgery-induced change in Topcon correlation factor was calculated, and its correlation to axial length, change in ametropia and anterior chamber depth was analysed. Further, surgery-induced change in the mathematical location of the second principal point of the eye, P 0 , was calculated.
Results
The pre-and postoperative ametropia (spherical equivalent) ranged from À21.38 to +3.25 D and from À3.5 to À0.25 D, respectively. The average change in ametropia induced by cataract surgery and IOL implantation was +3.52 D, SD 6.86.
The average change in the measured distance between two distinct fundus landmarks, i.e. the same two retinal vessel crossings before and after surgery was À2.88%, SD 0.02 in Zeiss fundus photographs. The average change in the conversion factor of Topcon fundus camera was À1.19%, SD 0.03.
Change in the measured distance between two distinct fundus landmarks in Zeiss fundus photographs correlated with change in ametropia (Pearson correlation coefficient, r À0.836, p = 0.005). However, no correlation was found between the change in the conversion factor of Topcon fundus camera and change in ametropia (r = À0.171, p = 0.66). Neither change in the anterior chamber depth nor axial length correlated with change in the measured distance between two distinct fundus landmarks in Zeiss fundus photographs (r = 0.035 and À0.423, p = 0.929 and p = 0.256, respectively) nor with change in the conversion factor of Topcon fundus camera (r = À0.406 and À0.299, p = 0.278 and 0.435, respectively). The average change in P 0 was À39.4% (SD 0.33) due to cataract surgery and IOL implantation.
Discussion
According to our knowledge, the effect of the change in ametropia induced by cataract surgery and IOL implantation on the magnification of a fundus photograph taken with a telecentric Zeiss or Topcon fundus camera has not previously been studied. The possible effect, however, is important to take into consideration because fundus photographs are used in the follow-up of many fundus landmarks and lesions. Change in the size of these lesions can either be due to true growth or change in the magnification characteristics of a fundus photograph.
The importance of the change in ametropia has previously been shown with OCT scans. A similar idea to our work was presented by Nimesh B. Patel et al. in IOVS in 2012 . In their work, contact lenses were used to manipulate ametropia. Using SD-OCT scans with the Spectralis HRA + OCT (software version 5.3.2; Heidelberg Engineering, Heidelberg, Germany), they found RNFL thickness to decrease and the retinal region scanned to increase with increase in contact lens power (À12 to +8).
We have previously shown that the formula of Bennett et al. (1994) is clinically reliable (Knaapi et al. 2014) . Even though the mathematical location of the postsurgical P 0 changes in average by À39.4%, SD 0.33, this has no clinical relevance to the magnification of a fundus photograph taken with a telecentric Zeiss fundus camera because the average change in the mathematical location of P 0 in millimetres is still small (only À0.72 mm in our work). This is in agreement with the AE0.55 mm postulated by Bennett et al. (1994) . An average change of À0.72 mm leads to a total error of À0.009 mm in q and is close to the total error of AE0.007 mm calculated by Bennett et al. (1994) .
However, our calculation of the surgery-induced change in the mathematical location of P 0 has an inherent error. First, the assumption that preoperative mathematical location of P 0 equals 1.82 mm as postulated by Bennett et al. (1994) was made. It is, nonetheless, highly likely that cataract has changed this value preoperatively. Secondly, the further assumption that preoperative results of the measured distance between the two retinal vessel crossings were correct was made. The postoperative location of P 0 was calculated based on this assumption by using the preoperative distance corresponding to the variable t in the formula of Bennett et al. (1994) .
The magnification characteristics of Topcon fundus camera are not fully known. In our previous work using healthy volunteers, we calculated the conversion factor (pxl/mm) of Topcon fundus camera to be 194.98 pxl/mm, SD 10.40 (Knaapi et al. 2014) . In the present study, surgery-induced change in the conversion factor of Topcon fundus camera was small (only À1.2%, SD 0.03). The average conversion factor preoperatively was 185.47 pxl/mm, SD 12.36 and postoperatively 183.26 pxl/mm, SD 13.92. No correlation between the change in Topcon conversion factor and change in ametropia was found. This can be due to the small number of subjects in this study. However, it is very likely that even if there were correlation to be found, it is small and clinically negligible as was the case with Zeiss fundus photographs.
Our data support the idea that using fundus photography with a telecentric Zeiss and Topcon fundus cameras as a means to follow the size of different fundus landmarks or lesions is reliable after cataract surgery and IOL implantation even in cases where ametropia and anterior chamber depth are changed markedly due to surgery. Although this study is small, the data further confirm the use of the formula of Bennett et al. (1994) for calculating the true size of a retinal object from a fundus photograph taken with a telecentric fundus camera and is in line with the calculations of Bennett et al. (1994) considering the reliability of their formula. Even though the mathematical location of P 0 changes in cataract surgery and IOL implantation, this leads to an error of no clinical significance. The results of this study fall in line with our previous work where the reliability of the formula of Bennett et al. (1994) was analysed in a different clinical setting (Knaapi et al. 2014) .
